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CHAPTER 1. GENERAL INTRODUCTION 
Introduction 
The nursery industry in the United States is expanding rapidly. Demand is increasing 
for versatile, aesthetically pleasing woody plants with the potential for use in conservation 
efforts. Ornamental plants capable of growing on low-nutrient soils and of sustaining 
themselves in wetlands or in habitats prone to flooding might be especially useful to 
conservationists focused on preventing soil erosion. Soils low in nutrients, particularly 
nitrogen (N), and sites with heavily saturated soils also present challenges for horticulturists. 
New selections of woody species for the nursery industry are needed to meet the demand for 
plants to enhance environmental quality. 
Alnus maritima (Marsh.) Muhl. ex Nutt. (seaside alder) is an attractive, rare, 
actinorhizal species native to three disjunct regions in the continental United States: 
Oklahoma, Georgia, and the Delmarva Peninsula (southern Delaware and the Eastern Shore 
of Maryland). The alder's bright yellow male catkins stand out against the long, glossy green 
leaves that turn shades of orange, red, and brown in the autumn. When in symbiotic 
association with the actinomycete Frankia, A. maritima can benefit from fixed atmospheric 
N, which improves its conservation potential. 
Optimal conditions for the establishment of root nodules in which N is fixed at a high 
rate must be identified to aid potential growers. Production of A. maritima with active 
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nodules may reduce the amount of N fertilizer that otherwise would be needed during nursery 
culture and after plants have been introduced to the landscape. Additionally, producing 
nodulated A. maritima eliminates the possibility that plants installed into the field would 
remain without nodules due to a lack of compatible Frankia at the site. 
To establish necessary protocols for cultivation of nodulated A. maritima, cultural 
practices employed in nursery production that influence root development and nodulation 
must be investigated. Root-zone N concentration and temperature influence the 
development and function of nodules on actinorhizal plants. We desired to gather data on N 
concentrations and root-zone temperatures that lead to well-nodulated populations of A. 
maritima subsp. maritima. Our first study examined the inhibitory effects of N concentration 
and the reversibility of reduced N activity caused by excessive N concentration. Our second 
study evaluated the nodulation of A. maritima subsp. maritima when root zones were 
exposed to varying temperatures. That study also evaluated nodule activity during short-term 
exposure to supraoptimal root-zone temperatures. This research will expand our knowledge 
of the production of well-nodulated populations of A. maritima in nursery containers. 
Thesis Organization 
A literature review on Alnus maritima and the effects of root-zone N and temperature 
on actinorhizal plants follows this section. Chapters 2 and 3 are manuscripts formatted for 
submission to the Journal of the American Society for Horticultural Science. An experiment 
on the inhibitory effects of N on A. maritima nodulation and subsequent recovery of nodule 
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activity is presented in Chapter 2. Chapter 3 is a manuscript of a study on the effects of root-
zone temperature on A. maritima nodulation. General conclusions are presented in Chapter 
4. 
Literature Review 
ALNI~S MARITIMA. Alnus maritima (Marsh.) Muhl. ex Nutt. (seaside alder) is an attractive 
and rare alder native to the continental United States. Its limited distribution is confined to 
three disjunct populations: a small portion of south-central Oklahoma, one swamp in 
northwestern Georgia, and parts of southern Delaware and the eastern-shore of Maryland on 
the Delmarva Peninsula (Schrader and Graves, 2000a). Like other alders, Alnus maritima 
can benefit from fixed atmospheric nitrogen (N) when exposed to the actinomycete Frankia 
(Schrader and Graves, 2000a; Stibolt, 1978; Furlow, 1979). This unique physiological 
attribute combined with aesthetic appeal has led to interest in producing A. maritima for use 
in managed landscapes with poor soils. Additionally, plants with N-fixing root nodules 
might be produced in nurseries with relatively little input of N fertilizer. This could reduce 
production costs and the risk of excess N leaching into surface and ground water. 
In its native habitats, plants of A. maritima are multi-stemmed shrubs or small trees 
that typically stand less than 10 m high and form grayish-brown, checkered bark (Mazzeo, 
1986; Schrader and Graves, 2000a). During the summer months, the elliptic 5- to 8-cm-long 
leaves are a dark, glossy green and provide a contrasting backdrop for the bright yellow 
catkins of male flowers that appear in September (Mazzeo 1986; Schrader and Graves, 
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2000a). After flowering, the foliage of some plants of A. maritima becomes a blend of 
orange, red, and brown hues (Schrader and Graves, 2000a). The attractive traits of this alder 
underscore its horticultural potential and distinguish it from other alders that typically flower 
in the early spring and lack autumnal leaf coloration. 
Few other woody plants may be as adapted as A. maritima to high soil moisture. 
Plants in the wild grow either in soils where free water is pooled continuously above the solid 
surface or in soils that are saturated continuously and flood regularly due to tides or 
precipitation events (Schrader and Graves, 2000a; Stibolt, 1981). Schrader et al. (2004) 
found that A. maritima subsp. oklahomensis is resistant to partial flooding and slight drought. 
Thus, A. maritima is a prime candidate for conservation systems in or along bodies of water. 
The species' combined physiological attributes of flood and drought tolerance and the 
capacity for N-fixing symbioses with Frankia also should be highly marketable in 
horticultural commerce. 
Alnus maritima is effectively propagated from both seeds and softwood cuttings. 
Schrader and Graves (2000b) found that six weeks of cold stratification significantly 
increased germination of seeds from all three provenances. One must be especially attentive 
to collect seeds before winter as overwintered seeds showed a considerable reduction in 
germination percentage (Schrader and Graves, 2000c). Cultivation of A. maritima from 
softwood cuttings is also efficient. Schrader and Graves (2000d) suggest using early-season 
cuttings and applying IBA at 8g•kg ~ to evoke optimal rooting. In general, A. maritima 
cultivation is possible and growers of this species may have little trouble propagating it for 
commercial production by using seeds or softwood cuttings. 
5 
Alnus maritima subsp. maritima is exclusive to the southern-most counties of 
Delaware and the Eastern Shore of Maryland. This subspecies is believed to be the youngest 
population (Schrader and Graves, 2002). Previously thought to be spread as a result of seed 
dispersal by the Delaware Indians to Oklahoma, new morphological and genetic data from 
Schrader and Graves (2002) support Furlow's original theory that subsp. maritima was 
regulated to its range after ancestors of the subspecies spread across the continental United 
States through the Bering land bridge (Furlow, 1979; Stibolt, 1981). In its native habitat, A. 
maritima is often found growing in conjunction with Alnus serrulata (Ait.) Willd. and 
usually seems to displace A. serrulata from ecosystems closest to the water (Schrader and 
Graves, 2002; Stibolt, 1981). This subspecies has the smallest overall above-ground plant 
size among the three subspecies (Schrader and Graves, 2002). The profuse wetlands of the 
Delmarva Peninsula appear to have forced subsp. maritima to adapt and have promoted its 
transformation into ashrub-like, shade- and water-tolerant plant (Schrader and Graves, 
2002). Subspecies maritima is often found growing along fresh- and brackish-water bodies 
but is not particularly salt tolerant (Graves and Gallagher, 2003). 
The aesthetic appeal and conservation potential of A. maritima have created a demand 
for research regarding its potential as a container-grown nursery crop. Researchers at the 
Plant Material Center of the USDA -Natural Resources Conservation Service in Cape May, 
New Jersey, are particularly interested in data related to container-grown plants of A. 
maritima subsp. maritima. 
ROOT-ZONE N EFFECT ON TAXA FROM THE GENUS ALNUS. Optimal conditions for 
the establishment of root nodules in which N is fixed at a high rate must be determined to aid 
potential growers. Production of A. maritima with active nodules may reduce the amount of 
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N fertilizer that otherwise would be needed during nursery culture and after plants have been 
introduced to the landscape. Additionally, producing modulated A. maritima eliminates the 
possibility that plants installed into the field would remain without nodules due to a lack of 
compatible Frankia at the site. 
The formation of functioning root nodules in Alnus spp. is critically dependent on 
root infection by compatible Frankia. Researchers concentrating on alder modulation have 
demonstrated the importance of the relationship between Frankia and alders. Sellstedt and 
Huss-Danell (1986) showed that N-fixing alders had the greatest plant growth and contained 
more N in comparison with uninoculated, ammonium-supplied Alnus incana (L.) Moench. 
They concluded that inoculated alders were more efficient at utilizing N2, and that the 
symbiotic relationship is more beneficial than N fertilization only. Recognizing the 
importance of pre-modulated alders, other researchers have focused on formulating protocols 
to produce pre-modulated, container-grown alders (Berry and Torey, 1985; Stowers and 
Smith, 1985). Stowers and Smith (1985) emphasized the importance of early Frankia 
inoculation along with using low-N fertilizers. Moreover, the symbiotic association between 
Alnus spp. and Frankia is crucial to the development of modulated alders. Growers interested 
in producing pre-modulated alders must employ cultural practices that facilitate the symbiotic 
association. 
During commercial production of alders, no other factor may be as influential to 
growth, modulation, N fixation, and N content of plants as root-zone N. Numerous studies 
have been performed emphasizing the role of N concentration on modulation (Burgess and 
Peterson, 1987; Gentili and Huss-Danell, 2003; Ingestad, 1980; Kohls and Baker, 1989). 
Kohls and Baker (1989) found that modulation of Alnus glutinosa (L.) Gaertn. is completely 
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inhibited when potassium nitrate concentration exceeds 2 rr~/I and mean nodule number and 
dry weight sharply decrease between 0.75 and 1.5-mM ammonium nitrate. High N 
concentrations were shown to increase the growth of A. glutinosa but severely reduce 
modulation (Kohls and Baker, 1989; MacConnell and Bond, 1957). However, if pre-
modulated plants are exposed to short-term increases in applied N that reduce nodule activity, 
nodule activity may be recovered once the excess N is removed from the root zone. After 
four days of exposure to 20-nriM ammonium chloride applied three times daily, Huss-Danell 
et al. (1982) demonstrated recovery of nodule activity in Alnus incana within two weeks of 
applying N free solution daily. During the recovery period, symptoms of N deficiency and 
low nitrogenase activity that occur may be attributed to damaged Frankia vesicles (Huss-
Danell et al., 1982). Burgess and Peterson (1987) showed that total N concentration might 
not be as important as amounts of N added over time. Root-zone-applied N not only .affects 
nodule development and activity but also influences N content in the plant, thereby changing 
the ratio of N to other nutrients (Gentili and Huss-Danell, 2003; Huss-Danell, 1997). Gentili 
and Huss-Danell (2003) found that when the N:P ratio is disturbed, additional P can reverse 
N inhibition of nodule development but not nodule activity. N concentration is a crucial 
issue in nodule development and activity. 
The form in which N is applied, ammonium, nitrate, or both, is important, and N form 
has varying effects on different actinorhizal species (Huss-Danell, 1997; Huss-Danell et al., 
1982). Huss-Danell et al. (1982) showed that ammonium and nitrate affect the energy 
conditions and translocation of nutrients to A. incana in different ways. Ammonium requires 
less energy to incorporate into plants, while nitrate requires significantly more energy 
because it must first be reduced by plant enzymes (Huss-Danell et al., 1982). N form, 
8 
especially ammonium, influences pH when added to solutions and may influence nodulation. 
Optimum pH must be carefully preserved, as nodulation in actinorhizal species is inhibited at 
pH below 4.5, and optimum nodulation occurs at around pH 5.5 (Berry and Torey, 1985; 
MacConnell and Bond, 1957; Quispel, 1958). The form of root-zone-applied N may 
significantly influence nodulation in Alnus species. 
ROOT-ZONE TEMPERATURE OF MEDIA IN NURSERY CONTAINERS. Elevated temperature in 
containers in which nursery crops are produced can inhibit plant growth and be lethal to 
roots. In woody species, numerous plant functions are inhibited when root-zone 
temperatures reach 35 °C or above (Graves et al., 1989; Ingram, 1986; Reddell et al., 1985). 
Marked reductions in root, shoot, and leaf growth along with overall reductions in plant mass 
often occur in plants grown above this temperature. In contrast, temperatures up to 32 °C 
have few negative effects on many temperate species (Graves, 1998). Thus, the critical root-
zone temperature for many woody plants appears to be between 32 and 36 °C (Graves, 
1998). 
Root-zone temperature is largely influenced by the shape, size, and color of the 
container. Container size is especially influential in causing root-zone temperature variations 
throughout the container. Martin and Ingram (1993) found that as container height and 
volume increased, the maximum temperature at the center of the medium occurred later in 
the day and was lower than that. measured in smaller containers. Container color affects root-
zone temperature via heat gain from direct or reflected solar radiation thus dark-colored 
containers usually have higher root-zone temperatures (Fretz, 1971). 
Root-zone temperatures of container-grown plants can peak to extreme highs and 
have damaging effects on plants. Temperatures as high as 40 °C for up to six hours a day 
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have been recorded in root zones of container-grown plants (Ingram, 1981). Under these 
supraoptimal conditions, root systems can be severely damaged and reduce the translocation 
of water and nutrients throughout the plant (Ingram and Buchanan, 1981; Zhang et al., 1997). 
Ingram (1986) found that as exposure time to supraoptimal root-zone temperature increased, 
the critical temperature at which root cell membranes were damaged decreased in two dwarf 
hollies, Ilex crenata Thunb. and Ilex vomitoria Ait. The longer plants are exposed to 
supraoptimal temperatures, the greater the risk that irreversible root damage will occur. A 
reduction in growth and even death is common in woody plants with injured root systems 
that are unable to recover from stress due to heat injury. 
ROOT-ZONE TEMPERATURE EFFECT ON ACTINORHIZAL PLANTS. There is little published 
information on the effect of temperature on intact nodules of taxa in the genus Alnus. 
Optimal nodule formation and N fixation in intact plants of Casuarina cunninghamiana Miq. 
occur at 25 °C and are inhibited at temperatures below 20 °C (Reddell et al., 1985). 
Tjepkema and Murry (1989) reported that excised nodules of C. cunninghamiana exhibited 
large decreases in N fixation at air temperatures above 41 °C possibly due to nodule thermal 
denaturation. Waughman (1977) documented that excised nodules of A. glutinosa showed 
optimum N fixation between 25 to 30 °C, and fixation markedly decreased at higher 
temperatures, confirming data of Wheeler (1971) that indicated optimum N fixation of A. 
glutinosa occurs at mid-day air temperatures of 25 °C. Researchers consistently report that 
optimum nodule development and N fixation in actinorhizal plants occurs at temperatures 
between 25 to 30 °C. 
Symbiotic association between alders and Frankia is essential in producing well- 
nodulated plants. Regulating temperature is essential to promoting Frankia infectivity and 
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growth (Burgraaf and Shipton, 1982; Moiroud et al., 1984; Sayed et al., 1997). Burgraaf and 
Shipton (1982) showed no growth of Frankia strains of A. glutinosa when grown at 
temperatures above 40 °C. Similarly, Sayed et al. (1997) reported a decline in Frankia 
growth rate at air temperatures above 37 °C and low infectivity of Frankia inoculum stored 
at 35 °C. Low temperatures can also inhibit Frankia growth but subsequently higher 
temperatures permit growth to resume (Moiroud et al., 1984). Attention must be given to 
temperature during commercial production because poor infectivity and growth of Frankia, 
induced by temperature, can inhibit nodule formation. 
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CHAPTER 2. NITROGEN INHIBITS NODULATION AND REVERSIBLY 
SUPRESSES NITROGEN FIXATION IN NODULES OF ALNUS MARITIMA 
A paper submitted to the Journal of the American Society for Horticultural Science 
Michele Tiffany Laws and William R. Graves 
ABSTRACT. Symbiotic associations between Alnus maritima (Marsh.) Muhl. ex Nutt. 
(seaside alder) and actinomycetes in the genus Frankia Brunchorst result in root nodules in 
which atmospheric nitrogen (N) is fixed. The economic and environmental benefits of N 
fixation have led to interest in inducing root nodules during production of A. maritima. 
Because woody plants produced in nurseries typically are provided N fertilizer, our 
objectives were to determine how applied N influences modulation of A. maritima and to 
characterize how short-term changes in root-zone N affect the function of nodules. Potted 
seedlings were grown in perlite that was inoculated with 30 mL of soil from the root zones of 
mature plants in their native habitat on the Delmarva Peninsula. Each pot was drenched once 
daily for ten weeks with nutrient solution that contained ammonium nitrate at ten 
concentrations from 0 to 8 mM. Plants that received no ammonium nitrate formed the most 
nodules, and modulation decreased linearly as ammonium nitrate increased from 0.25 to 4 
mM. Plants treated with ammonium nitrate at 4 or 8 mM formed nearly no nodules, while 
ammonium nitrate at 0.5 mM resulted in vigorous plants with an average nodule count of 70. 
In a second experiment, a population of modulated seaside alders was established by 
irrigating seedlings in inoculated perlite once daily with 0.5-mM ammonium nitrate for six 
weeks. Plants then were provided ammonium nitrate at 0.5, 2, or 4 mM for two weeks. 
Acetylene-reduction assays showed suppressed nodule activity among plants provided 2- and 
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4-mM ammonium nitrate. Daily irrigation of those plants with N-free solution subsequently 
led to a rapid depletion of root-zone N and to a concomitant resurgence of nodule activity. 
These results demonstrate that N fertilization can be managed to promote nodulation of A. 
maritima and show that decreased nodule activity caused by short-term increases in root- 
zone N is reversible. 
Introduction 
Alnus maritima is an attractive shrub or small tree native to three small, disjunct 
provenances in the United States (Schrader and Graves, 2000). Like other alders, A. 
maritima is an actinorhizal species that forms root nodules in which Frankia fix gaseous N 
(Schrader and Graves, 2000; Stibolt, 1978). Unlike most woody plants that cannot benefit 
directly from atmospheric N, A. maritima with functional root nodules might perform well if 
planted in N-poor soils. We seek to understand how the symbiosis between A. maritima and 
Frankia can be established and optimized during the culture of plants in nurseries. 
Commercial production of plants with functional root nodules is important for two 
reasons. First, growers of nodulated A. maritima might apply less N fertilizer, which would 
reduce production costs and the potential for environmental damage caused by run-off of 
irrigation water. Second, the soils in which A. maritima is planted may not contain 
compatible Frankia; installation of nodulated plants would overcome this possible barrier to 
N fixation in the landscape. Protocols for producing nodulated A. maritima are needed. In 
addition, data are needed on how N fertilization affects the N fixation of nodulated plants, 
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and comparisons of the growth of plants reliant on fixed N and those supplied N fertilizer 
would help producers assess the practicality of reducing N fertilization. 
Formation of functional nodules on actinorhizal plants requires the presence of 
compatible Frankia in edaphic environments conducive to bacterial infection, nodule 
development, and the activity of nitrogenase. Although numerous physical and chemical 
factors may govern the modulation of A. maritima and the function of its nodules, N content 
of the root zone might be the most important during production of plants in nurseries. 
Researchers working with other alders have demonstrated that high N concentrations restrict 
nodule formation and activity (Berry and Torrey, 1985; Gentili and Huss-Danell, 2003; 
Ingestad, 1980; Kohls and Baker, 1989), Huss-Danell et al. (1982) showed that 20-n:~M 
ammonium chloride damages the vesicles of Frankia and reduces nitrogenase activity in 
nodules of Alnus incana (L.) Moench, an effect that was reversed after ammonium chloride 
applications were reduced. Burgess and Peterson (1987) suggested using low-N fertilizers to 
permit nodule formation and N fixation of Alnus japonica (Thumb.) Steud. However, no such 
data have been generated for A. maritima. 
Our first objective was to define how various concentrations of ammonium nitrate 
affect the modulation of A. maritima and the subsequent fixation of N. Our second objective 
was to determine how short-term increases and decreases in applied root-zone N influence N 
fixation using a population of plants with copious, active nodules. Ammonium nitrate was 
the N source used to meet both objectives because it often is used commercially. Also, 
unlike other common N sources, varying the rate at which ammonium nitrate is applied does 
not directly alter the concentrations of other ions. The results of these experiments enhance 
our understanding of symbioses of actinorhizal plants and will be useful to growers who want 
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to ensure that their A. maritima possess numerous root nodules in which N is fixed at high 
rates. 
Materials and Methods 
N EFFECTS ON ESTABLISHMENT OF SYMBIOSES. Cold-stratified seeds (n = 675) of A. 
maritima indigenous to the Delmarva Peninsula (subspecies maritima) were gernunated in 
clay pots (top diameter = 7 cm, height = 9.5 cm) filled with coarse perlite and a 3-cm-deep 
layer of fine-grade vernuculite directly around the seeds. The pots were kept moist with 
nitrate-free tap water in a greenhouse in which the air temperature was 18 to 30 °C and 
natural irradiance was supplemented by use of incandescent lamps to provide 16-h 
photoperiods. Seedlings were fertilized twice daily with 18-mM N from a blend (1:3, by 
weight) of water-soluble Peters Excel All-Purpose TM and Peters Excel Cal-Mag ° (17N- 
2.2P-13.3K) (Scotts Sierra Horticultural Products, Marysville, OH). Research with other 
alders and our informal observations of A. maritima indicated 18-mM N would prevent root 
nodulation. 
Eighty one-month-old seedlings of uniform size were transplanted from the clay pots 
to individual plastic pots (top diameter = 12.5 cm, height = 11.5 cm). The medium was 
coarse perlite to which 30 mL of soil was added per pot as inoculum to provide compatible 
Frankia. The soil was from the root zones of naturally occurring, mature A. maritima on the 
Delmarva Peninsula and was placed in the upper 2 cm of perlite. Treatments began on 10 
April 2003 when the seedlings had two fully expanded true leaves. Each seedling was 
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regarded as an experimental unit, and a randomized complete block design was used. Eight 
seedlings were assigned randomly to each of ten treatments to provide plants with various 
amounts of N. Aquarter-strength, N-free Hoagland solution (Hoagland and Arnon, 1950), 
modified to provide half of the prescribed Fe, was supplemented with ammonium nitrate at 0, 
0.25, 0.5, 0.75, 1.0, 1.25, 1.5, 2.0, 4.0, or 8.0 rriM. The pH of all ten solutions was 5.5. Each 
plant was irrigated to container capacity with 300 mL of its prescribed solution on the day of 
transplanting and inoculation (day 0) and irrigated once daily thereafter with treatment 
solution. Air temperature in the greenhouse ranged from 23 to 30 °C, and midday 
hotos ntheticall active radiation (PAR) was as high as 550 µmol•m 2•s-1. P Y y 
After 10 weeks, N fixation of each plant was estimated using an acetylene reduction 
assay (Hardy et al., 1968; Huss-Danell, 1978). Each root system was placed in a 1-L mason 
jar, and airtight seals were created around the stems protruding through the openings in the 
lids. We removed 100 mL of the atmosphere from each jar and replaced it with 100 mL of 
chemically pure acetylene. After 30 min, a 1-mL sample was removed with agas-tight 
syringe, reduced to 0.1 mL, and brought back to 1 mL with air. A Varian 3600 Star CX gas 
chromatograph (Varian, Inc., Palo Alto, CA) was used to analyze the sample for ethylene. 
Reduction of acetylene to ethylene by nitrogenase indirectly represents N-fixation activity. 
The assays were performed in the greenhouse during the middle of the photoperiod. 
Immediately afterwards, the total number of nodules per plant and the leaf surface area (LI-
3100 Area Meter, Li-Cor, Inc., Lincoln, NE) of all plants were determined. We expressed 
nodule counts on a per-plant basis because there was no treatment effect on root dry weight. 
Plant height was measured, and nodules, stems, leaves, and roots were weighed separately 
after they were dried at 67 °C for 7 d. Total N content of dried leaves from plants treated 
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with ammonium nitrate at 0, 0.5, 1, 2, and 8 rr~/I was determined. The dependent variables 
were regressed over the N concentrations applied in irrigation solutions. 
ROOT-ZONE N EFFECTS ON NODULE FUNCTION. This experiment was conducted in a 
greenhouse in which the air temperature ranged from 24 to 32 °C and PAR was as high as 
590 µmol•m 2•s-1. Individually potted seedlings were experimental units in a completely 
randomized design. Phase one of this experiment began with establishing a population of 
seedlings by using the methods described for the first experiment. Sixty seedlings were 
transplanted when they were six weeks old by using the same materials as in the first 
experiment. Beginning on 3 July 2003, the 60 pots were irrigated once daily for seven weeks 
with a base solution supplemented with 0.5-rriM ammonium nitrate, one of the solutions used 
in the first experiment. This N concentration was selected because it led to vigorous plants 
with many root nodules during the first experiment. At the conclusion of phase one, we had 
60 robust plants that we presumed had numerous root nodules. 
Phase two began by randomly assigning 20 of the plants to each of three treatments, 
which were application Of ammonium nitrate at 0.~, 2, and 4 r~~1VI once daily. Four plants 
from each of the three treatments were chosen randomly and harvested after two weeks. 
Acetylene-reduction assays, nodule counts, and plant size were determined as in the first 
experiment. The 48 remaining plants, 16 in each of the phase-two treatments, entered phase 
three that day and were irrigated thereafter once daily with the base nutrient solution with no 
ammonium nitrate. Four plants from each phase-two treatment were harvested after one, 
two, four, or eight weeks. Acetylene-reduction assays, nodule counts, and plant size were 
determined at each harvest. The perlite from pots of all plants harvested after one and two 
weeks of phase three was analyzed for total N content. The dry, ground sample was burned 
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in a combustion tube at 950°C, and exhaust gases were collected. Gaseous N was measured 
by thermal conductivity with a Leco CHN 2000 (Leco Corp., St. Josephs, MI). 
DATA ANALYSIS. Data from both experiments were analyzed by using the Statistical 
Analysis System (SAS version 8E, 1999 - 2001), and analysis of variance was performed by 
using the general linear model for least square means. Values of P > 0.05 led to the rejection 
of hypotheses. For experiment two, effects of ammonium nitrate, time, and their interaction 
were partitioned. Version 8.0 of SigmaPlot (SPSS, Inc., 2002) was used to perform linear 
regression analyses over time and concentrations of ammonium nitrate. 
Results 
N EFFECTS ON ESTABLISHMENT OF SYMBIOSES. Mean nodule count for plants that received 
no ammonium nitrate exceeded 100 and was about 30 more than the mean nodule count for 
plants provided ammonium nitrate at 0.25 mM (Fig. 1). Nodule count decreased linearly as 
applied ammonium nitrate increased from 0.25 to 4 mM (Fig. 1). The 4-mM treatment led to 
a mean nodule count of 0.3 per plant, whereas 8-mM ammonium nitrate prevented 
nodulation (Fig. 1). Acetylene reduction to ethylene was minimal among the nodule-free 
root systems in the 8-mM treatment, whereas root systems provided no ammonium nitrate 
yielded the greatest ethylene production at nearly 0.71 µmol•plant -1•h-~ during the 30-min 
assays (Fig. 1). Regressing acetylene reduction per root system across the three ammonium 
nitrate treatments for which assays were run resulted in a linear relationship: ethylene = 1.1 - 
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0.34 (ammonium nitrate); r 2 = 0.78. Treatment effects on mean dry weight of nodules per 
plant were consistent with nodule counts, and dividing nodule masses by nodule counts 
revealed that the mean dry mass of an individual nodule, 0.77 mg, was similar among 
treatments. Mean plant height decreased linearly, and mean total N content of leaves 
increased linearly, as applied ammonium nitrate increased (Fig. 2). Ammonium nitrate did 
not influence root (P > 0.167), stem (P > 0.917), or leaf (P > 0.703) dry mass, nor was leaf 
surface area affected (P > 0.085). 
ROOT-ZONE N EFFECTS ON NODULE FUNCTION. At the end of phase two, mean 
acetylene reduction to ethylene per root system ranged from about 0.6 to 2.4 µmol •plant -1 •h" 1
among plants in the three ammonium nitrate treatments (Fig. 3). No differences based on the 
concentration of ammonium nitrate applied during phase two existed after one, two, four, or 
eight weeks of phase three, and therefore, data from all phase-two treatments were combined 
for analysis of time effects during phase three. Mean acetylene reduction to ethylene per root 
system during the 30-min assays increased linearly from about 1 to 2.2 µmol•plant -1 •h-I over 
the eight weeks of phase three (Fig. 3). Analyses of perlite during phase three confirmed that 
N was leached rapidly from the root zones. No differences associated with phase-two 
treatments existed in the N content of the perlite when our first data were collected after one 
week of phase three. 
Discussion 
Our results illustrate the dynamic relationship between root-zone N content and the 
formation and function of N-fixing symbioses on roots of A. maritima. Nodule count and 
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nodule activity per root system decrease as the concentration of applied N increases, and 
nodulation is nearly or completely prevented when ammonium nitrate is applied at 
concentrations > 4 mM (Fig. 1). Activity of nodules that form in low-N root zones is 
sensitive to changes in N. Decreases in activity caused by short-term increases in N are 
reversed rapidly as root-zone N declines (Fig. 3). Producers of A. maritima can use these 
data to manage N applications to ensure modulation, N fixation, and minimal waste of N 
fertilizers. Our results also show that growers and landscape managers may reverse the 
deleterious effects on N fixation of inadvertent increases in root-zone N by leaching N from 
the adjacent substrate. 
The N-induced reduction in nodule formation and activity we observed is consistent 
with previous research on other species of alder. Kohls and Baker (1989) found that 
modulation of Alnus glutinosa (L.) Gaertn. is negatively correlated with root-zone N 
concentration and is completely inhibited when N exceeds 2 mM, possibly because of 
damage to the vesicles of Frankia (Huss-Danell et al., 1982). Although the response of A. 
maritima was similar, regression analysis did not predict that 2- to 4-mM ammonium nitrate 
completely inhibits nodule formation (Fig. 1). This suggests that modulation of A. maritima 
may be less sensitive to N than is modulation of A. glutinosa, but direct comparisons of the 
two species are needed. Our results are attributable directly to N because other nutrient 
elements were not varied and the pH of all solutions was 5.5. In addition, a preliminary 
study we conducted showed that daily irrigation to container capacity prevented changes > 
one pH unit between irrigations. It was important for us to control pH because Berry and 
Torrey (1985) considered pH 5.5 optimal for modulation and reported that pH < 4.5 inhibits 
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the formation of nodules on roots of A. glutinosa, Alnus incana ssp. rugosa (L.) Furlow, and 
Alnus rubs Bong. 
The profuse nodulation that followed application of 0.5-mM ammonium nitrate 
during the first phase of our second experiment substantiated an important finding of our first 
experiment. In addition, data collected at the end of phase two of the second experiment 
provide evidence that the activity of nodules formed under low-N conditions is suppressed 
rapidly upon exposure to increased N. Phase three was designed to test whether this 
suppression was reversible, and treatment differences no longer existed after daily 
application of N-free solution for one week (Fig. 3). Analysis of the perlite confirmed a 
rapid leaching of N concomitant with increased nodule activity. Huss-Danell et al. (1982) 
similarly documented recovery of nodule activity among plants of A. incana after ashort-
term exposure to 20-mM ammonium chloride. Considered collectively, the three phases of 
the second experiment illustrate the dynamic influence of N during establishment and 
function of N-fixing symbioses on roots of A. maritima. Producers of this species, and 
managers of A. maritima installed in the landscape, should recognize that low N promotes 
nodulation and that increases in N due to fertilization or other causes will reduce nodule 
function until N concentrations in the root zone are reduced. 
We have reached several important conclusions regarding how N affects symbioses 
between A. maritima and Frankia, but several issues remain unresolved. Whether 
ammonium and nitrate influence the symbioses to the same extent and via similar 
mechanisms is unclear. How long modulated plants can be exposed to N concentrations that 
inhibit N fixation without causing irreversible damage to the symbioses is another relevant 
issue. Whether it is necessary to inoculate A. maritima with Frankia, and if so, whether it is 
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critical to provide bacteria from the soils where the species is native are unknown. We 
occasionally find nodules on uninoculated plants cultured in medium without soil, but data 
are needed on the ubiquity and functional variability of Frankia compatible with A. 
maritima. The conclusions we have drawn regarding N effects can serve as a basis for 
developing new hypotheses regarding these unresolved issues. Moreover, our findings 
demonstrate that the dry mass and leaf surface area of A. maritima produced with little or no 
applied N can be similar to those traits of A. maritima provided luxurious concentrations of 
ammonium nitrate if compatible Frankia are present in root zones. Although application of 
no N evoked the most nodules (Fig. 1), we observed that shoot systems of plants in that 
treatment were shaped irregularly and had leaves that were not as intensely green as the 
foliage of plants in the other treatments. Therefore, we recommend use of ammonium nitrate 
at 0.5 to 2 mM to enhance leaf N content and reduce height (Fig. 2) of plants with a large 
number of active root nodules (Fig. 1). 
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Figure 1. Nodule count of greenhouse-grown, potted seedlings of Alnus maritima subsp. 
maritima irrigated once daily with nutrient solutions that contained N as ammonium 
nitrate at 0, 0.25, 0.5, 0.75, 1.0, 1.25, 1.5, 2.0, 4.0, or 8.0 ~ for 10 weeks. Each symbol 
represents a mean of eight single-plant replicates. Plants were inoculated with soil that 
contained Frankia compatible with Alnus maritima. A linear regression function is 
shown to describe the relationship between ammonium nitrate at 0.25 to 4 mM and mean 
nodule count. Mean (n = 8) nodule activity per root system in three treatments is 
expressed as acetylene reduced to ethylene, with standard-error values shown in 
parentheses. At the top of the figure, arrows show that nodule-activity data are provided 
for plants treated with ammonium nitrate at 0, 1, and 8 rriM. 
28 
60 
50 
40 
U 
~ 30 
bA ..~ 
~ 20 
• 
• 
• 
• 
(~) Height = 53.86 — 2.11 (Ammonium Nitrate) 
r2 = 0.64 
(0) Total N in Leaves (%) = 0.14 (Ammonium Nitrate) + 2.48 
10 r2 = 0.82 
0 1 2 3 4 5 6 
Ammonium Nitrate (mM) 
7 
To
ta
l N
 in
 Le
av
es
 (%
) 
Figure 2. Plant height and leaf N concentration of greenhouse-grown, potted seedlings of 
Alnus maritima subsp. maritima irrigated once daily with nutrient solutions that 
contained N as ammonium nitrate at 0, 0.25, 0.5, 0.75, 1.0, 1.25, 1.5, 2.0, 4.0, or 8.0 naM 
for 10 weeks. Each symbol representing height is a mean of eight single-plant replicates. 
Each symbol representing leaf N content is a mean of three single-plant replicates. 
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Figure 3. Nodule activity, as indicated by the reduction of acetylene to ethylene, of 
greenhouse-grown, potted seedlings of Alnus maritima subsp. maritima at the end of 
phase two (week 0 of phase three) and after one, two, four, or eight weeks of phase three. 
Each symbol at week 0 represents a mean of four single-plant replicates, and the 
ammonium nitrate treatments applied during phase two are indicated in parentheses. 
Each of the other symbols represents a mean of 12 single-plant replicates irrigated once 
daily with an N-free solution during the eight weeks of phase three. Data for the four 
replicates from each phase-two treatment were combined because no treatment difference 
existed during phase three. 
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CHAPTER 3. TEMPERATURE IN THE ROOT ZONES OF ALNUS MARITIMA 
INFLI:T~~TECES NODULE FORMATION AND ACTIVITY 
A paper to be submitted to the Journal of the American Society for Horticultural Science 
Michele Tiffany Laws and William R. Graves 
ABSTRACT. Alnus maritima (Marsh.) Muhl. ex Nutt. (seaside alder) forms root nodules in 
which N is fixed by actinomycetes in the genus Frankia Brunchorst. Production of A. 
maritima in containers likely will expose roots to high temperatures, but little is known about 
heat effects on the formation of root nodules or their activity. Our objectives were to 
determine the consequences of high root-zone temperature on modulation of A. maritima 
subsp. maritima and to characterize how short-term exposure to supraoptimal root-zone 
temperature affects nodule function. Seedlings were grown in containers designed for 
control of root-zone temperature and inoculated with compatible Frankia. Constant exposure 
of roots to 20, 28, and 36 °C was imposed for six weeks. Plants with root zones at 28 °C 
showed the greatest N fixation and growth. In a second experiment, modulated alders were 
exposed to 42 °C in the root zone for 0, 6, 12, and 24 h•day-1 for one week. Plants treated for 
0 h•day-' (24 h•day-1 at 28 °C) fixed the most N per gram nodule dry weight, while plants 
treated for 6, 12, and 24 h•day-1 showed similarly reduced N fixation. We conclude that 
nodule formation, N fixation, and growth of A. maritima are sensitive to root-zone 
temperatures typical of containers in which nursery crops are produced. 
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Introduction 
Alnus maritima is an ornamental species native to the three disjunct areas of the 
continental United States (Mazzeo, 1986; Schrader and Graves, 2000; Stibolt, 1978). This 
actinorhizal species forms N-fixing root nodules when in symbiotic association with the 
actinomycete Frankia (Schrader and Graves, 2000; Stibolt, 1978). To promote commercial 
cultivation of symbiotic A. maritima, procedures for producing modulated plants must be 
established. Root-zone temperatures in nursery containers can be much higher than ambient 
air temperature and stay at high temperatures longer, significantly damaging roots and 
reducing growth (Ingram and Buchanan, 1981). We desire to understand the consequence of 
high root-zone temperature on nodule formation and function in A. maritima. 
High temperature is known to inhibit N fixation in nodules of other actinorhizal 
plants (Redell et al., 1985; Tjepkema and Murry, 1989; Waughman, 1977). High 
temperature also reduces the growth and infectivity of pure Frankia strains (Burggraaf and 
Shipton, 1982; Moiroud et al., 1984; Sayed et al., 1997). Redell et al. (1985) found optimal 
nodule formation, N fixation, and N transfer from the nodule to the plant in intact Casuarina 
cunninghamiana Miq. occurred at 25 °C. Other researchers have consistently found that 
optimal N fixation in excised nodules of actinorhizal plants occurs at 25 to 30 °C, and, as 
temperatures increase, N fixation is inhibited (Tjepkema and Murry, 1989; Waughman, 1977; 
Wheeler, 1971). However, research associated with root-zone temperature and nodule 
formation and function of intact actinorhizal plants,. especially taxa in the genus Alnus, is 
sparse, and there is no published information related to A. maritima. 
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Our first objective was to compare effects of three root-zone temperatures on 
modulation of A. maritima. Our second objective was to characterize how short-term 
exposure to supraoptimal root-zone temperature affects nodule function. We used containers 
that controlled root-zone temperature without modifying air temperature to conduct this 
research, which provides new insight regarding how temperatures typical of media in nursery 
containers influence modulation and N fixation. 
Materials and Methods 
ROOT-ZONE TEMPERATURE EFFECTS ON NODULE FORMATION. Cold-stratified seeds 
of Alnus maritima subsp. maritima were germinated in clay pots (top diameter = 7 cm, height 
= 9.5 cm) filled with perlite and a 3-cm-deep layer of vermiculite directly around the seeds. 
To prevent modulation, seedlings were fertilized twice daily with 12.5-mM N from a blend 
(1:3, by weight) of water-soluble Peters Excel All-PurposeTM and Peters Excel Cal-Mag°
(17N-2.2P-13.3K) (Scotts Sierra Horticultural Products, Marysville, OH). The pots were 
kept in a greenhouse where incandescent lamps extended the photoperiod to 16 h and air 
temperature ranged from 18 to 30 °C. 
Fifteen uniformly sized, seven-week-old seedlings were transplanted from the clay 
pots to containers designed for control of root-zone temperature (Zhang et al., 1997). The 
pots were composed of a polyvinyl chloride (PVC) shell that encased astainless-steel vessel 
(diameter = 12 cm, height = 16 cm) on the sides and bottom. Temperature-regulated water 
was pumped from water baths (RTE-111 Series Refrigerated Bath/Circulator with 
Microprocessor Controller, NESLAB Instruments, Inc., Newington, NH) through tubing to 
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the containers and circulated continuously in the space between the PVC shell and the steel 
vessel. Flow rate was controlled by a valve at the water-entry port near the bottom of each 
container. Water returned to the bath via tubing fitted to exit ports near the top of each 
container. Three water baths were used, one for each temperature treatment. 
The lower 12 cm of each steel vessel was filled with TI:TRFACE MVP°  (PROFILE 
Products LLC, Buffalo Grove, IL) over which a 2-cm-deep layer of perlite was used for 
insulation. One seedling was planted in each of 15 containers. As each seedling was planted 
within the TLTRFACE MVP° , 30 mL of soil was placed around the roots to provide Frankia 
compatible with ~1. maritima subsp. maritima. The soil had been collected near plants of this 
subspecies growing wild on the Delmarva Peninsula. Stainless steel lids with a central 
opening for the seedling were placed on the top of each steel vessel to reduce evaporation 
from the medium between irrigations. Plants were fertilized twice daily with the fertilizer 
combination until the start of the treatment period. Excess solution drained from the root 
zones via a hole in the bottom of each container. 
Treatments began 15 d after transplanting on 1 April 200 . Each seedling was 
regarded as an experimental unit, and a randomized complete block design was used. Five 
pots were assigned randomly to each of three constant root-zone temperatures: 20, 28, and 36 
°C. Plants were irrigated that day and thereafter with aquarter-strength, N-free Hoagland 
solution (Hoagland and Arnon, 1950) modified to provide half of the prescribed Fe and 
supplemented with potassium nitrate at 0.63 rr~/I. Each plant received 300 mL once each 
day. Solution temperature was adjusted before application to match the root-zone 
temperature treatment. Air temperature in the greenhouse ranged from 23 to 30 °C, and 
midday photosynthetically active radiation (PAR) was as high as 458 µmol•m-2•s-1 on cloud-
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free days. One week after treatments started, percentage moisture in the root zone was 
recorded immediately before and after the daily irrigation to determine whether the extent of 
drying between irrigations differed based on root-zone temperature. A Theta Meter (type 
HH 1) equipped with a type ML 1 sensor (Delta-T Devices LTD, Cambridge, England) was 
used to obtain these data. 
Six weeks after treatments began, N fixation of each plant was estimated via 
acetylene reduction assays (Hardy et al., 1968; Huss-Danell, 1978) performed in the 
greenhouse during the middle of the photoperiod. Each root system was placed in a 1-L 
mason jar. Shoot systems remained attached to the roots. An air-tight seal was made 
between the stem of each plant and the lid of the jar that contained the roots. The mason jars 
were held under water in baths that maintained roots at their respective treatment 
temperatures. We exchanged 100 mL of pure acetylene for 100 mL of the atmosphere in 
each jar and after 30 min removed a 1-mL sample with agas-tight syringe. The sample first 
was reduced to 0.1 mL and then was diluted to 1 mL with air. A Varian 3600 Star CX gas 
chromatograph (Varian, Inc., Palo Alto, CA) was used to analyze the sample for ethylene. 
Plants were refrigerated in plastic bags overnight. The next day, plant height (distance from 
the base of the shoot system to the apex of the primary stem) and leaf surface area (LI-3100 
Area Meter, Li-Cor, Inc., Lincoln, NE) of all plants were measured. Nodule count per plant 
was determined, and stems, leaves, nodules, and roots were weighed separately after they 
were dried at 67 °C for 3 d. 
ROOT-ZONE TEMPERATURE EFFECTS ON NODULE FUNCTION. Seeds from the lot 
used for the first experiment were germinated by using the same methods. Eight-week-old 
seedlings were transplanted from clay pots to individual plastic pots (top diameter = 12.5 crn, 
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height = 11.5 cm) in Sun Gro Sunshine LC 1 Professional Growing Mix (Sun Gro 
Horticultural Inc., Bellevue, WA) and inoculated as during the first experiment. The 
seedlings were irrigated once daily with nitrate-free tap water for eight weeks, which led to 
vigorous plants with numerous root nodules. Sixteen uniform plants were transplanted into 
the containers for controlling root-zone temperature as described for the first experiment. 
The plants were irrigated once daily to container capacity with 300 mL of the quarter-
strength nutrient solution supplemented with potassium nitrate at 0.63 rr~M as described for 
the first experiment. On 25 May 2004, one week after transplanting, each plant was assigned 
to one of four temperature treatments : 42 °C in the root zone for 0, 6, 12, and 24 h •day- l . 
Root zones were at 28 °C when not at 42 °C. The daily temperature cycles were controlled 
by water baths programmed to shift from the two temperature settings during 1-h periods 
before and after the 6 and 12 h per day at 42 °C. Hence, the total time per day when roots in 
the 6- and 12-h treatments were not at 28 °C was 8 and 14 h, respectively. Daily exposure to 
42 °C occurred from noon to 6 p.m. (6-h treatment) and from 10 a.m. to 10 p.m. (12-h 
treatment). Plants were grown in a greenhouse in which the air temperature ranged from 22 
to 30 °C and PAR was as high as 520 µmol•m-2•s-1 on cloud-free days. Each plant 
represented one experimental unit in a completely randomized block design. Root-zone 
moisture was measured the day before plants were harvested as during the first experiment. 
Photosynthesis rate of the youngest fully expanded leaf of each plant was measured 
near the middle of the photoperiod with a LI-6400 Portable Photosynthesis System (Li-COR, 
Inc.) after one week of treatment. Acetylene reduction assays were performed beginning in 
the early afternoon of the same day, immediately after photosynthesis measures were 
complete. The time of the assays was such that all plants treated with 42 °C for any duration 
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each day were at that root-zone temperature during the assay. The assays were performed as 
described for the first experiment, and mason jars were held in water baths to maintain 
treatment temperatures. After the assays, each plant was repotted into its respective 
treatment container and irrigated. Assays were repeated on all of the same plants during the 
following day before roots of plants in the 6- and 12-h treatments were exposed to their daily 
period of high temperature. This was done to determine acetylene reduction rates when 
plants on diurnal cycles were near the end of their daily period at 28 °C. Plant height, leaf 
surface area, nodule count, and plant dry weight were measured as during the first 
experiment. 
DATA ANALYSIS. We used the Statistical Analysis System (SAS version 8E, 1999 — 
2001) to analyze data from both experiments. Analysis of variance was performed by using 
the general linear model for least square means, and least significant differences between 
means were determined. For the second experiment, effects of temperature, time, and their 
interaction were partitioned to analyze data from acetylene reduction assays. Regression 
analyses were performed for photosynthetic rate and nodule activity per unit nodule dry 
weight by using Proc Reg of SAS. Hypotheses were rejected with values of P > 0.05. 
Results 
ROOT-ZONE TEMPERATURE EFFECTS ON NODULE FORMATION. Mean nodule weight 
per unit plant dry weight for plants with root zones at 28 °C was 30 µg•mg-1 and about three 
times more than for plants exposed to 36 °C (Fig. 1). Mean nodule count per unit plant dry 
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weight was similar for plants subjected to 20 and 28 °C in the root zone but was lower at 36 
°C (Fig. 1). Leaf surface area, plant dry weight, nodule count, and nodule dry weight for 
plants with root zones at 28 °C were significantly greater than for plants at 20 or 36 °C ,but 
nodule dry weight at 20 and 28 °C did not differ (Table 1). Nodule activity per plant 
estimated via the acetylene reduction assay was greatest at 28 °C (Table 1). There were no 
treatment effects on the mass of an individual nodule nor acetylene reduction per gram 
nodule dry weight. The mass of an individual nodule was 839.7 µg (standard error = 132.5) 
and the overall mean acetylene reduction per gram nodule dry weight was 50.5 µmol 
C2H4•nodule dry weight (g)-~ •h-1 (standard error = 30.1). No treatment differences existed in 
percentage soil moisture immediately before (overall mean = 18%, P = 0.579) or after 
(overall mean 25%, P = 0.966) irrigation. 
ROOT-ZONE TEMPERATURE EFFECTS ON NODULE FUNCTION. Three of the four 
plants with root zones at 42 °C for 24 h•day-~ died during the one-week treatment. Tissues of 
these plants were included in measures of dry weight and nodule count because we wished to 
infer whether the size and nodulation of plants differed when treatments began; the short 
duration of treatment precluded drawing conclusions about treatment effects on growth and 
development. Treatments did not influence plant dry weight (P = 0.484), nodule count (P = 
0.311), nor nodule dry weight (P = 0.431) (Table 2). There also were no treatment effects on 
mass of an individual nodule, nodule count per gram root dry weight, nor nodule dry weight 
per unit root weight (Table 2). Acetylene reduction to ethylene per plant differed among 
treatments when plants treated with diurnal changes were at 42 °C (P < 0.001) and the next 
day when they were at 28 °C (P = 0.007). Despite the temperature change, overall mean 
acetylene reduction did not differ on the two days measures were made (P = 0.859). Plants 
38 
treated with 42 °C in the root zone for 0 h•day I (24 h•day-~ at 28 °C) showed the highest 
acetylene reduction per gram nodule weight (10.9 µmol•nodule weight [g]-'•h-'), while plants 
treated with 42 °C for 6, 12, and 24 h•day' showed acetylene reduction rates < 5 
µmol•nodule weight (g)-~ •h"' (Fig. 2). Photosynthetic rate of the youngest fully expanded leaf 
of each plant decreased linearly from about 11 to 1 µmol CO2•m 2•s"1 as daily root-zone 
temperature increased from 0 to 24 h•day~l (Fig. 2). Percentage soil moisture was similar for 
plants in all treatments immediately before (overall mean = 19°Io, P = 0.164) and after 
irrigation (overall mean 22°Io, P = 0.077). 
Discussion 
Root-zone temperature strongly influences nodule formation and function on roots of 
A. maritima subsp. maritima. Among the three temperature treatments we imposed in the 
first experiment, maximum N fixation and plant growth occurs in plants with root zones at 28 
°C (Table 1). Nodule dry weight per unit plant dry weight is higher for plants at 28 °C than 
for plants with root zones at 20 and 36 °C (Fig. 1). Among well-nodulated plants treated in 
our second experiment, effects of high temperature (42 °C) for as little as 6 h•day-1 occur 
within a week and drastically reduce N fixation (Fig. 2). Photosynthetic rate also is sensitive 
to temperature and decreases linearly as daily exposure to 42 °C in the root zone increases 
from 0 to 24 h•day 1 (Fig. 2). Among plants exposed to 42 °C in diurnal cycles, there is no 
evidence of resurgence of nodule activity during daily periods when temperature in the root 
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zone is moderate. Potential A. maritima growers can use these data to grow plants at 
favorable root-zone temperatures to ensure desired nodule formation and function. 
There is little comparable information on the effect of temperature on nodule 
development on taxa in the genus Alnus or on N fixation of nodules on intact root systems. 
Reddell et al. (1985) found that optimal growth and N fixation of C. cunninghamiana 
occurred among plants with root zones at 25 °C, and that modulation was delayed in root 
zones at 20 °C. Similarly, our data on A. maritima suggest that optimal N fixation and plant 
growth occur among plants with root zones near 28 °C (Fig. 1). Excised nodules of wild 
Alnus glutinosa (L.) Gaertn. fixed N optimally at about 25 °C and showed little change 
between 25 and 30 °C (Waughman, 1977). Consistently, Wheeler (1971) reported that 
maximum rates of N fixation occurred at mid-day air temperatures near 25 °C. While our 
nodule counts per unit plant dry weight were similar with root zones at 20 and 28 °C (Fig. 1), 
nodule dry weight per unit plant dry weight was lower at 20 °C than at 28 °C (Fig. 1). Thus, 
plants with root zones at 20 °C seemingly compensated for smaller nodules by increasing 
nodule production per unit plant dry weight. Nodule activity per unit nodule dry weight was 
similar across temperatures, but activity on a per-plant basis was influenced by treatments 
due to temperature effects on plant growth (Table 1). Sayed et al. (1997) reported poor 
growth rates of Frankia strains of Alnus rubra Bong. grown at air temperatures above 37 °C 
and low infectivity of Frankia inoculum stored at 35 °C. Consequently, high-temperature 
inhibition of Frankia growth and infectivity may have contributed to the low nodule count 
and dry weight per unit plant dry weight in our experiment when root zones were at 36 °C 
(Fig. 1). 
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Plants in our second experiment were fertilized with low N concentrations to 
encourage prolific and uniform modulation and to promote consistent plant growth, thereby 
providing a uniform population A. maritima. Therefore, N fixation rates should not have 
varied markedly due to disproportionate plant size (Table 2). The rapid reduction in N 
fixation we observed thus may be attributed to high temperature, and the temperature effect 
was similar regardless of daily exposure period (Fig. 2). Tjepkma and Murry (1989) likewise 
documented that excised nodules of C. cunninghamiana exhibited large decreases in N 
fixation at air temperatures above 41 °C. In our study, photosynthetic rate decreased linearly 
as hours at 42 °C increased. Exposure to increasing daily hours of high temperature may 
have diminished the transfer of N to the plant, hindering optimal photosynthesis. Dawson 
and Gordon (1979) found that photosynthetic rate and N content in A. glutinosa were 
correlated, and that, maintenance of N fixation rates was dependent on the photosynthate 
status of the plant. Although our root-zone moisture data indicate that heat-induced 
reduction in water content did not occur, it is possible that the capacity of A. maritima to take 
up and transport water to leaves was affected by exposure to 42 °C. High root-zone 
temperatures are known to affect water transport and leaf gas exchange in other woody 
species {Graves and Aiello, 1997; Graves et al., 1991). While the mechanisms underlying 
the reductions in photosynthesis and N fixation are uncertain, our data show that producers 
interested in growing A. maritima should be conscious of root-zone temperatures and should 
take cultural measures to prevent temperature extremes. 
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Table 2. Plant dry weight, nodule number, and nodule size of greenhouse-grown, potted 
Alnus maritima subsp. maritima. Plants were inoculated with soil containing F~ankia 
native to the Delmarva Peninsula. After 16 weeks, four nodulated plants were exposed to 
each of four temperature treatments, 42 °C for 0, 6, 12, and 24 h per day for one week. 
There were no treatment effects for the measures shown, so values represent the mean of 
16 plants, four in each treatment. 
Dependent variable Overall mean Standard error 
Plant dry weight (g) 1.97 0.02 
Nodule count 66 6 
Nodule dry weight (mg) 41.9 5.3 
Mass of an individual nodule (µg) 687 77 
Nodule count per gram root dry weight 121 15 
Nodule dry weight per unit root dry weight 0.122 0.052 
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CHAPTER 4. GENERAL CONCLUSIONS 
The aesthetic appeal and unique physiological attributes of Alnus maritima 
underscore its horticultural and conservation potential. Our studies investigated two 
important areas related to container production of A. maritima in containers, root-zone N 
concentration and temperature. Previous research with other actinorhizal species suggested 
that N and temperature would be critical to consider when attempting to optimize growth and 
nodulation. 
Data from the first study (Chapter 2) established thresholds of N concentration that 
promoted optimal nodulation and activity. We found that optimal nodulation and growth 
occurred when plants were provided 0.5- to 2-mM ammonium nitrate. Using this 
information, we then were able to conclude that suppressed nodule activity caused by short-
term exposure to excessive N concentrations can be recovered when excessive N is leached 
from the root zone. These data are especially vital in expanding our ability to optimize 
nodulation of A. maritima during production of plants in containers. 
The second study (Chapter 3) showed that root-zone temperature affects nodulation. 
We found that, among the three constant temperature treatments we used, optimal growth 
and N fixation occurred at 28 °C. We then established that exposure to 42 °C, regardless of 
daily exposure period of at least six hours, reduces nodule activity. Our data showed that 
potential producers of A. maritima must take measures to prevent exposure to supraoptimal 
temperatures that inhibit growth and nodulation. 
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There are still numerous areas of research that must be explored to optimize protocols 
for the production of modulated, container-grown A. maritima. Although our research 
focused on A. maritima subsp. maritima, future researchers may investigate how root-zone N 
and temperature affect subspecies oklahomensis and georgiensis. Research examining the 
survival, nodule function, and subsequent modulation of pre-modulated plants transplanted 
into the landscape may also be useful. It may also be of keen interest to investigate how 
growth media influence modulation. Data on these topics would facilitate production of A. 
maritima in containers and would address the long-term role of N fixation in horticultural 
landscapes. 
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